A methodology for the heterogeneous integration of epitaxial GaAs wafers with fully processed standard bipolar complementary metal-oxide-semiconductor Si wafers is presented. The complete low-temperature wafer bonding process flow, including procedures for the Si wafer planarization and GaAs substrate removal, has been developed and evaluated. The implementation of an in-plane optical link, consisting of an edge-emitting laser diode, a waveguide and a photodiode, is demonstrated. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1531221͔ High-density optical interconnections require the integration of III-V optoelectronic ͑OE͒ devices along with Si integrated circuits ͑ICs͒. Currently, hybrid integration, based on flip-chip bonding, is the most mature technology for the combination of III-V optoelectronics with Si ICs.
High-density optical interconnections require the integration of III-V optoelectronic ͑OE͒ devices along with Si integrated circuits ͑ICs͒. Currently, hybrid integration, based on flip-chip bonding, is the most mature technology for the combination of III-V optoelectronics with Si ICs. 1, 2 The main drawback of the hybrid approach is the demanding fabrication sequence which results in increased manufacturing cost. A different approach for the integration of Si ICs with III-V OE devices is the fabrication of the OE devices in layers grown by heteroepitaxy on the Si wafer. However, the heteroepitaxial approach suffers from poor III-V material quality. Furthermore, process incompatibilities and crosscontamination problems, between the complementary metaloxide-semiconductor ͑CMOS͒ and III-V technologies, cannot be easily eliminated.
In order to overcome the limitations of the hybrid and heteroepitaxial integration, we have developed a process having the wafer-scale characteristics of heteroepitaxial integration and at the same time being compatible with commercial bipolar CMOS ͑BiCMOS͒ technology. Our approach is a low-temperature ͑LT͒ process, employing SiO 2 and spin-onglass ͑SOG͒ layers for the planarization and bonding of epitaxial GaAs wafers onto fully processed BiCMOS wafers. A very interesting alternative to our approach utilizes polyimide layers as planarization and bonding agents. 3 This polyimide based bonding process has been used by Nakahara et al. 4 to demonstrate the integration of a photodiode ͑PD͒ onto a CMOS circuit. In this letter, we present our approach based on a SiO 2 /SOG wafer bonding procedure.
The basic process flow for the wafer-scale integration scheme starts with the fabrication of the ICs on a 4 in. Si wafer using a commercially available BiCMOS technology and the OE device layers are grown on a 3 in. GaAs wafer. The OE device layers are grown with the inverse sequence of the regular device structure, after the epitaxy of a thin AlAs etch-stop layer. Then, the fully processed Si wafer is covered by successive SiO 2 layers, deposited at low temperature ͑LT͒ using plasma enhanced chemical vapor deposition ͑PECVD͒, and the surface is planarized by chemical mechanical polishing ͑CMP͒. Next, the planarized and polished SiO 2 top layer is covered by SOG, to eliminate any remaining surface imperfection and to act as a bonding agent. Subsequently, a proper baking procedure is followed to remove the volatile elements from the SOG before the wafer bonding. The Si wafer is then bonded at room temperature face to face with the epitaxial GaAs wafer. The two wafers are centered and their major flats are mechanically aligned. The bonding is further strengthened by an annealing step performed at 200°C ͑the temperature must be kept below 250°C to avoid debonding due to the difference in the thermal coefficients of expansion ͑TCE͒ of GaAs and Si͒. The backside of the entire GaAs substrate is then removed by an appropriate thinning process so that only the epitaxial III-V structure remains bonded onto the top surface of the BiCMOS wafer. After this stage of the process flow the temperature can rise up to 400°C because the constraint of the different thermal coefficients of expansion becomes more tolerant due to the preceding thinning of the GaAs wafer, which can now sustain larger deformations. The remaining III-V film is thereafter processed to form OE devices using conventional III-V processing technology. The mask alignment of the OE devices to be fabricated on the bonded GaAs film can be performed either by infrared backside alignment or by alignment marks placed on the uncovered annulus of the 4 in. silicon wafer. The final steps of the process are: ͑a͒ the opening of via holes through the III-V film and the insulating intermediate layers and ͑b͒ the fabrication of electrical interconnections between the Si ICs and the OE devices using either wire bonding or on-wafer metalizations.
In order to evaluate the critical steps of the process flow, we have undertaken a series of experiments focusing on different aspects of the process. 5 grown by molecular beam epitaxy ͑MBE͒. The investigation of the LT SiO 2 /SOG based wafer bonding process has been initiated with the examination of the surface morphology of the commercial fully processed BiCMOS wafers. Atomic force microscopy and profilometry showed that the two-level metal interconnection stripes presented unevenness of 0.6 -1.3 m. Furthermore, irregular edges of 2 m height existed in the IC testing pads opened within the capping nitride layer. This surface unevenness was reduced to about 90 nm by the planarization procedure. For that purpose, multiple low-temperature oxide layers, with 2 m total thickness, were deposited by PECVD and then polished using fumed silica as polishing media. Further planarization was accomplished by deposition of a SOG layer so as to achieve the bondability condition ͑microroughness under 1 nm͒.
The average interface energy of the bonded surfaces was measured using the crack opening method by inserting a blade between the bonded wafers. The interface energy, before annealing, was 0.46 J/m 2 and reached the value of 1.4 J/m 2 after annealing at 200°C. Scanning acoustic microscopy showed that bonding problems existed in some areas due to imperfect planarity of the wafers. Initially, the bonding was good over more than 70% of the entire wafer contact area. The adequately bonded wafer contact area was increased to about 90% when the final annealing at 200°C was performed under a small pressure. The bow of the wafers was measured during the annealing step ͑Fig. 1͒. This bow is always associated with stress in both wafers. The wafer bowing was free of hysteresis effects, perfectly symmetric, equal for the two wafers and reaches zero value after cooling down to room temperature.
The backside thinning of the bonded GaAs substrates has been investigated using two different methods. In one approach, CMP was used to thin the 400-m-thick GaAs substrates to approximately 30 m while in the second approach the GaAs substrates were thinned to an average thickness of 80 m, using a fast wet etching process ͑using H 3 PO 4 :H 2 O 2 :H 2 O). All the bonded wafers, after the CMP thinning, exhibited a non-negligible crack density ͑with crack spacing in the mm/cm range͒, attributed to mechanical stressing during CMP processing. On the contrary, with the wet etching procedure the mechanical stressing of the bonded material was reduced to a negligible level. Furthermore, a reactive ion etching ͑RIE͒-based process was employed to selectively remove the remaining material ͑etch rate ϳ1 m/min), with the assistance of the AlAs etch-stop layer (selectivityϾ1000) inserted into the III-V epitaxial structure. Finally, a 10% HF solution was used to remove the thin AlAs etch-stop layer and thus unveil the active layers of the OE structures for subsequent processing. The stress on the remaining ͑after the backside thinning͒ III-V film was evaluated using photoreflectance measurements 5 on a bonded 2-m-thick GaAs film. These measurements, performed at the temperature range of 80-296 K, indicated the absence of plastic deformation during temperature cycling. Hence, the 2 m GaAs bonded film was practically unstrained at room temperature, as compared to a reference conventional heteroepitaxial 2 m GaAs/Si film which presented a tensile stress of 10 9 dyn/cm 2 . Laser diodes ͑LDs͒ have been fabricated on films bonded onto fully processed BiCMOS wafers and compared to similar devices processed on GaAs substrates. The selected laser diode structure was an etched mirrors gradedindex separate-confinement heterostructure with four quantum wells ͑GRINSCH-4QW͒ emitting at ϭ850 nm. 5 The LDs on bonded wafers exhibited characteristics similar to those processed on unbonded substrates. The most critical step in the processing of the devices was the rapid thermal annealing for the ohmic contact formation, since thermal stresses may deteriorate the GaAs/Si bonding. This problem was solved using a slow temperature ramping, with a maximum temperature of 400°C, without compromising the quality of the ohmic contacts. The OE devices were isolated with trenches as deep as the GaAs film. The typical laser threshold current density (J th ) was approximately 1.6 kA/cm 2 . It should be pointed out that the J th of all the etched mirror lasers was higher than that of cleaved mirror devices, due to the inferior quality of the etched mirrors. In addition, the LDs on Si exhibited a capability for operation at higher power as compared to the LDs fabricated on GaAs substrates. This is attributed to the higher thermal conductivity of silicon.
The absence of any void formation during the III-V processing steps is worth noting. This indicates that the SOG baking procedure, before bonding, successfully outgases the SOG. Any residual SOG outgassing is absorbed by the SOG or the SiO 2 films. However, the LDs processed on wafers bonded on unprocessed Si exhibited higher yield than those which were fabricated on the GaAs film bonded on the fully processed BiCMOS wafers. This problem was attributed to increased imperfections in the GaAs device processing on the BiCMOS wafers, due to some disintegration of the thicker SOG layer, in areas where it was exposed to air ͑after complete GaAs etching for isolation͒. Currently, we examine a number of alternatives to alleviate this problem.
In order to demonstrate the feasibility of the entire process, a complete in-plane OE link 6 was designed and fabri- cated. The link consists of a BiCMOS laser diode driver ͑LDD͒, an edge-emitting LD, a planar WG, a PD and a BiC-MOS transimpendance amplifier ͑TIA͒. 7 The output of the laser driver was designed to be at a distance of 500 m from the input of the TIA. In the space of 500 m are placed the LD, the WG and the PD so as to form a complete OE link. The microphotograph of the integrated OE link is shown in Fig. 2 .
The LDD is based on a differential pair input stage, which requires input voltage pulses larger than ϩ2 V to switch correctly, and it is biased at ϩ5 V. A cascade topology for the current mirrors is used for independent dc and modulation current adjustments within a range of 0-40 mA. According to experimental results the LDD can accommodate data rates up to 2.5 Gb/s while maintaining the full range of dc pre-bias component. For the receiver, a standard transimpedance design topology has been adopted. 7 Measurements showed a transimpedance gain of 62 dB ⍀ over the Ϫ3 dB bandwidth of dc-1.7 GHz. The mean input referred noise current density was found to be 9.8 pA/ͱHz, which results in an input optical sensitivity of Ϫ23.3 dB m at a BER 10 Ϫ9 . Figure 3 shows the emitted power of a 10 ϫ250 m 2 LD and the response of the corresponding 50 ϫ100 m 2 PD in an optical link, with all devices fabricated from the same GRINSCH-4QW structure. Photocurrents of the order of 100 A have been achieved in the PD, with zero bias voltage, for LD operation just above the threshold condition. The optical power was measured from the laser's mirror opposite to the PD and, therefore, corresponds to approximately half of the emitted power per facet. The responsivity of the PD was found to be 0.40 A/W. The entire OE link was also successfully tested, unpackaged, for its functionality under low duty-cycle pulsed signal operation ͑0.4 s pulse width and 10 KHz repetition rate͒. High frequency characterization has not yet been attempted because the self-heating effects on the unpackaged OE link can be deleterious for the OE devices. Furthermore, the influence of the wafer bonding and the subsequent GaAs process on the Si ICs has been examined using on-wafer S-parameter measurements up to 8 GHz. Discrete devices as well as Si ICs were characterized before and after the wafer bonding process and no apparent performance degradation was observed.
The reported results have clearly demonstrated the feasibility of the monolithic-like process flow for the integration of GaAs OE devices on fully processed Si ICs. Further improvement of the planarization of the BiCMOS wafer will greatly upgrade the value of the entire process.
